Abstract-In the present article a new concept for the collection of an electron beam which is configured by an externally applied magnetic field is presented. The two major advantages of the new idea are the significant increase of the collector efficiency and the reduction of the power consumption on the collector wall. For the demonstration of the new concept a collector has been designed for the hollow electron beam of the European 170 GHz, 2 MW coaxial gyrotron for ITER. The simulation shows that the efficiency of this advanced collector is more than 90%.
I. INTRODUCTION
It is possible to increase the gyrotron efficiency by using a multi-stage depressed collector. The multi-stage gyrotron collector design is based on the configuration of an appropriate electric field using a set of electrodes (stages) and a magnetic field so as to direct electrons of the highest energy to the electrode with the greatest negative potential, the electrons with the lowest energy to the electrode with the least negative potential and the electrons with intermediate energies to electrodes with intermediate voltages to maximize energy recovery. The most common technique for the sorting of the beam electrons is based on the application of an appropriate magnetic field (using magnetic iron) so as to produce adiabatic and controlled non-adiabatic electron trajectories [1] .
In this work, we present a new concept for the design of multi-stage depressed collectors with a more than 90% efficiency. The new concept could be applied not only to the collection of the beam of gyrotrons but to any electron beam configured by an externally applied magnetic field. The new concept is based on the sorting of the beam electrons using the drift velocity which is the result of the application of appropriate electric and magnetic fields in the collector area. These fields, which cause adiabatic trajectories on beam electrons, aim to reduce the electron kinetic energy and to have each electron collected by the electrode with potential related to its initial kinetic energy.
II. THE NEW CONCEPT
The idea behind the proposed collector is based on using an electric field at an angle to the magnetostatic field B. Assume, just for the sake of simplicity, that the electrons form a pencil beam (with small both transverse dimensions) and have a velocity exclusively along the magnetic field lines. Then, the parallel component of electric field E is used, as usual, to decelerate the electrons, until their kinetic energy vanishes. The position l e , where each electron's velocity vanishes is obtained by conservation of total energy (potential and kinetic), W e = −eφ(z = l e )) and is therefore a function l e (W e ) of the initial kinetic energy W e . The exact shape of this function depends on the distribution φ(z) of the electrostatic potential along the magnetic field lines, however it is an increasing function of W e (as long as E = −dφ/dz is a decelerating field), that is, the electrons with higher initial energy move further away from the entry z = 0 into the collector region (where we take φ(z = 0) = 0). It is desired, that the collector wall intercepts each electron when it reaches its own (that is, dependent on its initial kinetic energy) position z = l e (W e ) (that is, when it has lost all its kinetic energy to the electrostatic field and before it is accelerated backwards and recovers its kinetic energy) without hindering the electrons with higher initial kinetic energy (that is, those that are to move further down the magnetic field line before they give away all their kinetic energy). This is achieved by the transverse component E ⊥ of the electric field, which in the presence of the field B displaces all electrons across the magnetic field lines (and also across E ⊥ ) with velocity equal to v d = E ⊥ /B, common to all electrons. At any point z along the magnetic field line, the electron trajectory has a slope equal to (E ⊥ /B)/v z (φ(z), W e ). This is a decreasing function of W e , that is, electrons with higher initial energy have trajectories with smaller slope and therefore their trajectories remain closer to the field line than otherwise. If one now shapes the collector wall, so that at every position l e (which corresponds to complete deceleration of each electron group) it is displaced relative to the reference magnetic field line by the amount which corresponds to the respective E × B drift, and distributes the potential φ along the collector wall accordingly, the resulting structure assures, that all electrons are absorbed when their kinetic energy has been completely absorbed by the electric field. That is, a conversion efficiency of 100% is achieved. This simplified implementation does not limit the applicability of the concept to pencil beams in uniform magnetostatic fields. It is relatively trivial, to extend it to a number of generalizations, such as a sheet beam, a beam with finite thickness, a beam which has a non-zero transverse velocity, etc.
III. A REALISTIC IMPLEMENTATION
To demonstrate the above idea, a collector has been designed based on the new concept for the hollow cylindrical beam of the European 170 GHz, 2 MW coaxial gyrotron for ITER. For the numerical simulation, the three-dimensional, self-consistent and parallel electrostatic code Ariadne [2] has been used.
The geometry of the collector system (see fig. 1 ) consists of three segments, one cylindrical S 0 and two coaxial S 1 and S 2 . The segment S 0 is connected to the body of gyrotron on the left side. The body potential φ b = 0 is applied on the outer surface of the segment S 0 and on the boundary surface which is defined in transition from the segment S 0 to S 1 . The Neumann boundary condition ∂φ/∂r = 0 is applied on the inner and the outer surfaces of segment S 1 . The segment S 2 is the main part of the collector system, and consists of two coaxial cylindrical surfaces. All beam electrons should terminate their trajectories on these surfaces. A idealized boundary condition φ v is applied on the inner (r = r in ) and outer surfaces (r = r out ) as well as on the right-end (z = z r ) surface of segment S 2 for the generation of the desired electric field in the collector region.
The idealized boundary condition depends on the axial z and azimuthal ϕ position on the collector wall and is given by the equation
where φ 0 and φ 1 are the deceleration and the drift voltages respectively which are related to the parallel and the transverse components of the electric field in the collector region. In this particular implementation the geometry parameters have the following values: (i) inner collector radius r in = 0.115 m, (ii) outer collector radius r out = 0.200 m, (iii) collector left-end z l = 1.8 m, (iv) collector right-end z r = 2.8 m, (v) deceleration voltage φ 0 = 100 kV and (vi) drift voltage φ 1 = 30 kV. The appropriate potential on the collector wall could be approximately achieved by placing a thin metallic electrode set in the appropriate positions to approach the idealized potential on the collector walls. The adjacent electrodes could be joined using dielectric material. To simplify the numerical computations for the collector simulation the idealized potential is applied on the boundary surfaces. In any case, the application of Dirichlet type boundary conditions provide the desired for convenient electron trajectories electric field in the collector domain except in the neighborhoods of the angles ϕ = 0 and π. To confront this inconvenience two spikes are applied on the inner and the outer collector surface in these angles.
To apply the new concept described in the previous section a uniform magnetic field has been chosen, in order to have a convenient shape (constant cros-section) for the collector. Such a magnetic field is achieved using of a set of collector coils (see fig. 1 ) which modify the pre-existent magnetic field of the cavity main coils to the required homogeneous magnetic field in the electron collection region. It is reduced along the z-axis while it becomes constant B 0 = 0.0268 T in the main collector region. However, the simulation of the beam after the cavity interaction to the collector system entrance, using ESRAY code, gives the initial radius and velocities of the realistic beam for the collector simulation [3] .
The electrons between the angles ϕ = 0 and π drift outwards to the outer collector wall while the electrons between the angles ϕ = π and 2π drift inwards to the inner wall. This discrepancy is due to the azimuthal component of the electric field which changes direction in angles ϕ = 0 and π. The trajectories of the two sample electrons from the two different angle regions are shown in fig. 2 . The collector efficiency which is calculated by the simulation using Ariadne code is η = 91%. Indeed, almost all electrons reach the collector wall with extremely small kinetic energy (γ < 1.01) and at the prescribed axial position, except for those that originate near φ = 0 or π, where it is not possible to have a suitable distribution of the electric field.
